In this work chitosan microspheres were prepared by the simple coacervation method and crosslinked using epichlorhydrin or glutaraldehyde for the controlled release of diclofenac sodium. The effects of the crosslinking agents on chitosan microspheres over a 12-hour period were assessed with regard to swelling, hydrolysis, porosity, crosslinking, impregnation of diclofenac sodium (DS), and consequently to the release of DS in buffer solutions, simulating the gastrointestinal tract. The degree of swelling varied with the pH for glutaraldehyde chitosan microspheres (GCM) and epichlorhydrin chitosan microspheres (ECM). Partial acid and basic hydrolysis affected the swelling behavior of the GCM matrix. Release kinetics of diclofenac sodium from these matrices were investigated at pH 1.2, 6.8 and 9.0, simulating the gastrointestinal tract conditions. The results indicated that the release mechanism deviated slightly from Fickian transport.
of chitosan. The smaller the molecular size of the crosslinker, the faster the crosslinking reaction, since its diffusion is easier. Depending on the nature of the crosslinker, the main interactions forming the network are covalent or ionic bonds [10] . Covalently crosslinked hydrogels present the crosslinking degree as the main parameter influencing important properties such as mechanical strength, swelling and drug release. Such gels generally exhibit pH-sensitive swelling and drug release by diffusion through their porous structure [11] . Therefore, hydrogels based on covalently and ionically crosslinked chitosan can be considered as good candidates for the oral delivery of drugs [12] . Concern over the disintegration of chitosan microparticles has led to their modification by crosslinking to make a rigid polymer for use as a core material in controlled drug release research [13] [14] [15] . For this purpose, a large number of studies on crosslinking with agents involving bonds with chitosan amine groups [16] [17] [18] has been carried out. However, none study on hydroxyl group bonds has been reported.
Diclofenac sodium (DS), one of the most useful nonsteroidal anti-inflammatory (NSAID) agents, is a practically insoluble compound in acidic solution (pKa 4.0), however, it dissolves in intestinal fluid. Gastrointestinal effects commonly observed include gastritis, peptic ulcers and bleeding, hypersensitivity reactions and renal effects [19, 20] . Recently, a number of studies describing oral release formulations of diclofenac sodium (DS) have been
Introduction
The oral administration of pharmaceutical dosage forms is the more usual, convenient and comfortable route for active drug delivery to the body. An oral controlled release formulation is subjected to frequent changes of environment in the gastrointestinal tract. Thus, during transit it passes from the strongly acid gastric segment to the weakly alkaline intestinal part of the digestive system [1, 2] . A number of polymers have been investigated for the development of in situ gel-forming systems, due to the ability of these hydrogels to release an entrapped drug into aqueous medium and to regulate the release of such a drug by control of swelling and crosslinking [3, 4] . These systems have gained attention in the search for improved patient compliance and decreased incidence of adverse drug reactions.
Chitosan, a cationic polymer combined by β-1-4 glucosidic linkage is the main product obtained from the alkaline deacetylation of chitin, a major structural polysaccharide found in crustaceans, insects and lower plants [5] . Chitosan has advantages over polysaccharides due to its non-toxicity and biodegradability. For these properties, chitosan has been used as a matrix of microparticulate and crosslinked systems for the immobilization and release of drugs [6] [7] [8] . A broad review of preparation methods, crosslinking and system interactions has been carried out by Kas [9] . The crosslinking reaction is mainly influenced by the size and type of crosslinker agent and the functional groups Autor para correspondência: Mauro C. M. Laranjeira, Departamento de Química, UFSC, CEP: 88040-900, Florianópolis, SC. E-mail: mauro@qmc.ufsc.br. performed using as the matrix chitosan that has been reticulated covalently or ionically for the amino groups of the biopolymer.
Kumbar et al. prepared chitosan microspheres of diclofenac sodium with three different crosslinking methods, i.e. glutaraldehyde, sulfuric acid and heat treatment [16] .
Shu and Zhu [21] , Açikgöz et al [22] and Ko et al [23] reported the use of complexation between polyanion tripolyphosphate and cationic chitosan by electrostatic forces resulting in a more homogeneous structure due to the more homogeneous crosslinking process. Murata et al. [24] investigated the formation of a complex between chondroitin sulfate and chitosan and also the influence of this complex on the release of diclofenac sodium.
The objective of this work was to prepare crosslinked chitosan microspheres for the controlled release of sodium diclofenac using epichlorhydrin as an alternative to crosslinking agents that react with the amine groups of chitosan. For the sake of comparison, glutaraldehyde was used for crosslinking and aluminum was employed as an artificial pore forming agent to obtain porous microspheres and favor DS impregnation. The effects of the crosslinking agents on chitosan microspheres were evaluated in relation to swelling, hydrolysis, porosity, crosslinking, DS impregnation, and consequently to the release of sodium diclofenac in buffer solutions simulating the gastrointestinal tract in a 12-hour period.
Materials and Methods

Materials Materials Materials Materials Materials
Fine chemical-grade chitosan derived from shrimp-shell chitin following about 80% deacetylation was prepared according to the method described by Brossignac [25] and powdered to 100 meshes before use [28] . A sample of diclofenac sodium was obtained from Delaware Chemicals (Porto Alegre, Brazil), epichlorhydrin was supplied by Merck (Darmstadt, Germany). Methanol and glutaraldehyde were purchased from Vetec Fine Chemistry (Rio de Janeiro, Brazil). All other reagents were of analytical grade. A 4% w/v chitosan solution was prepared by stirring chitosan in 5% w/v acetic acid in a beaker with a magnetic stirrer. 0.5 g of magnesium silicate was then added to the solution in order to avoid aggregation of the microspheres.
Pr
The microspheres were formed as drops of the 4% w/v chitosan solution fell into a precipitation bath containing 2M NaOH solution, with drop formation being driven by a peristaltic pump. The solution containing the microspheres was continuously stirred for 1 h at 25 °C. 4.9 ml of epichlorhydrin were added to a suspension consisting of 10 g of microspheres immersed in 100 ml of water and maintained at 50 °C for 1 h. Subsequently, 70 ml of 0.1 M NaOH were added and the system was boiled for 2 h. The microspheres were then sequentially rinsed in water, 0.1 M hydrochloric acid, and 0.1 M NaOH, and finally washed with water and dried.
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A solution of 4% w/v chitosan in 5% v/v aqueous acetic acid was mixed with 0.5 % w/v magnesium silicate and 0.03% w/v aluminum powder. This solution was then added dropby-drop, using a peristaltic pump, to 300 ml of 2 M NaOH solution. The precipitation occurred immediately upon contact with the medium, leading to the formation of the artificially porous microspheres due to the release of hydrogen in the reaction. The solution containing the microspheres was stirred continuously for 1 h at 25 °C, and the microspheres were then washed repeatedly with water and transferred to a 0.01 M EDTA solution where they remained for 20 min while stirring. Porous microspheres were immersed for 24 h in a known volume of an aqueous solution of glutaraldehyde (2.5% w/v), then washed with water and dried.
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Wet crosslinked microspheres were immersed in a saturated solution of DS in methanol and water (2:1) for 24 h. The drug-loaded microspheres were washed with cold, distilled water and dried.
An accurately weighed amount of loaded microspheres was crushed and kept under constant stirring in methanol for 20 min in order to extract the DS and the concentration of the solution was determined spectrophotometrically at 280 nm. The quantification limit of diclofenac is 0.005 mg/L. The reproducibility of the method was ± 2%. The mean value of three determinations is reported.
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The swelling behavior of the crosslinked microspheres was explored by placing the dried samples in 50 ml reservoirs containing simulated gastric fluid (pH 1.2), or simulated intestinal fluids (pH 6.8, pH 8.0, pH 9.0 and pH 9.77) [26] . Reservoirs were shaken at 100 rpm at 37 ºC.
The weight of each swollen sample (Wt) was determined on an electronic balance after the removal of the microspheres from the solution and blotting.
The degree of swelling (DS) is expressed as the percentage of water in the hydrogel at any instant during swelling:
In equation (1) To determine the quantity of drug released by the microspheres, known samples were set into a cell containing 50mL of buffer solution (pH 1.2, pH 6.8, and pH 9.0). The samples (1mL) were withdrawn at fixed time intervals and the solutions were replaced by fresh release media. All release studies were conducted in a shaker at 100 rpm at 37 °C.
Release studies were carried out in simulated gastric fluid (pH 1.2) for 2 h followed by simulated intestinal fluids (pH 6.8 and pH 9.0) for 4 h and 6 h, respectively. The total residence time in buffer solution was 12 h.
The drug concentration in each sample was then determined spectrophotometrically at 280 nm. The cumulative percentage of drug release was calculated and the mean of three determinations was used in data analysis.
The amount of drug released at any selected time (M t ) was calculated from the calibration curve in conjunction with the absorbance. The maximum weight available for release (M ∞ ) was determined in the same way as M t , the fractional release (F t ) was then calculated as F t = M t / M ∞ [27] . Micrographs of the microspheres were taken with a scanning electron microscope (SEM, Philips XL,30) for visual inspection of the surface morphology and cross-sectional structure of the monolithic system, with and without the drug.
Scanning electr
Samples were mounted on metal stubs using double-sided adhesive tape and vacuum-coated with gold film. Samples were then cross-sectioned using a blade to study the inner structure. The size was then determined as the average size of the microspheres in the micrographs (three micrographs each containing approximately 20-25 microspheres).
Qualitative Energy Dispersive X-ray Microscopy (EDX) was used to analyze whole and sectioned samples that had been recovered with gold at different points of the microspheres. Chitosan microspheres were prepared by phase separation using the simple coacervation method. According to this method, the formation of microspheres results from a surface phenomenon due to the interaction between a polymeric solution (chitosan solution) and a coagulant medium (2M NaOH solution), which induces phase separation and yields a precipitated polymeric membrane. The precipitation of chitosan creates a chitosan-rich coacervated phase.
Results and Discussion
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The microspheres were subject to a crosslinking process that consisted of treating them with epichlorhydrin or glutaraldehyde. This hardened the walls of the microspheres and reduced their porosity, resulting in a degree of crosslinking of 25% for ECM and 64% for GCM.
The crosslinking bifunctional agents used here bind to different reaction sites in the chitosan. The aldehyde groups of the glutaraldehyde form covalent imine bonds with the amino groups of chitosan, due to the resonance established with adjacent double ethylenic bonds via a Schiff reaction (Figure 1 ) while epichlorohydrin links through the carbon atoms, resulting in the rupturing of the epoxide ring and the removal of a chlorine atom (Figure 2 ) [28] . The ECM and GCM microspheres are spherical structures with smooth surfaces. The average sizes were 0.962 mm and 1.295 mm, respectively for ECM and GCM microspheres. The GCM cross-section presented in Figure 3a shows the great quantity of artificially formed pores, even after crosslinking. However, in Figure 3b it can be seen that for epichlorhydrin there is matrix compaction after crosslinking.
Qualitative energy dispersive X-ray microanalysis (EDX) of the GCM was carried out in order to verify whether residual aluminum was present in the GCM ready for release. It was found that the aluminum added initially for the formation of microspheres was completely eliminated either through reaction with NaOH, or through the process of chelation with EDTA. Moreover, microspheres obtained by this technique were non-tacky and non-sticky.
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The impregnation process of the crosslinked microspheres was carried out by placing them into a solution of diclofenac sodium in a 2:1 water:methanol mixture. The quantity of drug impregnated was 210mg/g and 440mg/g for ECM and GCM, respectively.
The drug was dispersed uniformly in the polymeric monolithic systems. Figures 4a and 5a show the microspheres without drug, while Figures 4b and 5b show the impregnation and uniform distribution of DS on ECM and GCM microspheres, respectively.
The difference in the quantity impregnated may be associated with the higher porosity of GCM formed by the addition of aluminum as the pore forming agent, facilitating the impregnation of a higher quantity of DS. For the impregnation method microspheres should be rigid and contain open pores. They should also be chemically and biologically inert and able to hold the impregnant inside the pores by capillary forces. The pores should be interconnected and open to the particle surface allowing full diffusion outward of the retained active ingredient [29] .
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In vitro swelling studies were conducted in simulated gastric fluid and in simulated intestinal fluids at 37 °C and the degree of swelling (Wt%) for each was determined gravimetrically. Plots of dynamic swelling of crosslinked microspheres, ECM and GCM, are given in Figures 6a and  6b , respectively.
The swelling mechanism at pH < 6 involves the protonation of chitosan amine groups and structure relaxation due to the repulsion of the polymeric chains, and the dissociation of secondary interactions followed by swelling [30] . Secondary interactions, such as hydrogen bridges and hydrophobic interactions occur between acetylated units of chitosan and lead to a more solid-like gel if the degree of . Impregnated GCM deacetylation is low enough, but as the degree of crosslinking increases covalent bonds tend to become predominant [31] . In this way it can be verified that there is greater swelling of microspheres crosslinked with epichlorhydrin, since this preferentially binds to hydroxyl groups in the polymeric chain leading to a large number of free amine groups. In the case of GCM the amine groups are occupied by the crosslinking and formation of a Schiff base. Figure 6a shows the swelling behavior of ECM microspheres. Greater swelling can be observed at pH 1.2 due to the protonation of the free amine groups, followed by pH 6.8, pH 8.0, pH 9.0, and pH 9.77, a finding which also confirms that the crosslinked structure is chemically stable. Figure 6b shows the behavior of GCM microspheres, whose swelling increases up to pH 1.2. This is probably due to the partial acid hydrolysis of imine bonds of Schiff bases, which frees the chitosan amine groups again for gradual protonation.
In agreement with pH variations in the swelling study, the behavior of GCM microspheres was expected to be similar to that of ECM ones. Nevertheless, it was observed that at pH 9.0 and pH 9.77 swelling was greater than at pH 6.8 and pH 8.0, with a probably less pronounced basic hydrolysis.
The initially small swelling becomes constant since the protonation of these media is not favored.
The hydrolysis mechanisms of the Schiff bases in acid and basic aqueous media are known. pH profiles vs. partial hydrolysis speed constant for all Schiff bases show a lower reaction speed for pH > 8.9 and faster and stronger reactions for pH < 3.5 [32] .Another important factor that influences swelling is the degree of crosslinking of the microspheres. For GCM microspheres, the degree of crosslinking found was 64%, which leads to a smaller degree of swelling, in comparison to that of ECM microspheres with a crosslinking extent of 25%. Considering the effects of partial acid and basic hydrolysis of GCM microspheres, the degree of crosslinking is essential for preserving the integrity of the microspheres. If crosslinking were lower, hydrolysis would lead to the erosion of the microspheres with the resulting release of the drug at sites unfavorable to its absorption, and the consequent adverse gastrointestinal effects of DS.
Based on these results we can conclude that epichlorhydrin is an alternative crosslinking agent of chitosan microspheres used as drug carriers in oral drug release. The crosslinked product was chemically stable at all pH variations of the gastrointestinal tract, presenting neither partial acid nor basic hydrolysis with consequent erosion of the microspheres. In addition, crosslinking through the OH groups of chitosan leads to greater swelling, which favors drug release. The DS release profiles of glutaraldehyde and epichlorhydrin crosslinked microspheres are shown in Figure 5 . When analyzing the release profile of drugs such as DS, the dependence of solubility on pH must be taken into account. In fact, DS presents a higher solubility in water as a salt, but once the microspheres are in an artificial gastric solution (pH 1.2), DS is converted to its ionized acid form, which is very poorly soluble in water. In contrast, when the microspheres were immersed in a buffer solution of pH 6.8, drug reconversion into soluble salt depends on dissolution speed. One means of verifying the bioavailability of DS in vitro is to submit it to varying pH and time conditions simulating the gastrointestinal tract. Thus, the microspheres (ECM and GCM) were first left for 2 h at pH 1.2, considering that the drug would convert to its acid form, then switched to a favorable pH of6.8 and left for 4 h for DS solubilization, and finally changed to pH 9.0 for 6 h to complete the oral course. After 12 h, about 25% of the DS had been released from glutaraldehyde crosslinked microspheres, while after the same time about 40% had been released from epichlorhydrin crosslinked microspheres. Release results in vitro are given in Figure 7 .
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On comparing the two systems ECM and GCM, it can be seen that ECM exhibited lower porosity, although they released almost the same quantity of the drug (≅ 80 mg) as GCM, which had a higher porosity and load. The explanation for this may be that ECM has lower porosity, leading to the DS being impregnated more superficially. Moreover, their higher degree of swelling, facilitating the solvent access to the drug incorporated in the polymeric matrix, increases contact with it and, consequently, allows greater release. For GCM, in spite of its high porosity and higher DS loading, the drug release was lower, since the degree of polymer swelling was lower, making solvent access difficult.
It is known that the release rate of drugs from hydrophilic matrices based on chitosan is affected by changes in pH. The increase in release rates could be due to an associated increase in the fluid-filled cavities created by dissolution and diffusion of the drug particles near the surface, which in turn results in an increase in the permeability of the drug [33] . Release of DS from microspheres depends upon the type of matrix and its rigidity. The release of the active agent from the matrix involves initial swelling followed by diffusion of the drug. In all the methods of crosslinking the drug release decreases with increased crosslinking [16] . Several reports studying the effect of drug release have shown that the release of drug from the microspheres increases with an increase in drug content in the microspheres. However, the release of some drugs is reduced with an increase in drug content in the microspheres [34] [35] . In these conditions, factors such as swelling, porosity, and drug solubility are determiners of drug release.
The release data for the microspheres were substantiated by fitting the cumulative fraction release data, M t / M ω , to an empirical equation:
Where t is the release time, k is a constant characteristic of the system and n is an exponent that characterizes the diffusional release kinetic mechanism [32] . For GCM and ECM matrices the n-values at pH 6.8 were 0.79 and 0.81, with a correlation coefficient close to 0.99, respectively. In the case of microspheres, n-values 0.43< n< 0.85 show non-Fickian diffusion, while n is equal to 0.43 for Fickian diffusion [36] . As could be seen the calculated n-values indicate that the release deviates from the Fickian mode.
Conclusions
Chitosan microspheres crosslinked with epichlorhydrin or glutaraldehyde behaved in different ways with regard to various aspects, such as the degree of swelling, and the amount of drug impregnated, and consequently released. The use of aluminum for the formation of artificial pores favored the impregnation of the microspheres with diclofenac, reaching values two-fold higher than those obtained in similar studies with crosslinked chitosan microspheres with amine group crosslinking agents. The degree of swelling varied for GCM and ECM. For GCM it was observed that partial acid and basic hydrolysis affected the swelling behavior of this matrix.
Dissolution studies over a pH range similar to that of the human gastrointestinal tract demonstrated that the rate of drug release from different matrices in simulated fluids ranged from rapid to slow depending on the type of matrix employed.
Both formulations gave a lower DS release at pH 1.2, this being higher at pH 6.8 due to the solubility of the DS, reaching values at pH 9.0 (≅ 80 mg) similar to therapeutic concentrations (50 mg to 75 mg).
